Liver tumors are rare in children, and their diagnoses may be challenging particularly because of the lack of a current consensus classification system. Systematic central histopathological review of these tumors performed as part of the pediatric collaborative therapeutic protocols has allowed the identification of histologic subtypes with distinct clinical associations. As a result, histopathology has been incorporated within the Children's Oncology Group (COG) protocols, and only in the United States, as a risk-stratification parameter and for patient management. Therefore, the COG Liver Tumor Committee sponsored an International Pathology Symposium in March 2011 to discuss the histopathology and classification of pediatric liver tumors, and hepatoblastoma in particular, and work towards an International Pediatric Liver Tumors Consensus Classification that would be required for international collaborative projects. Twenty-two pathologists and experts in pediatric liver tumors, including those serving as central reviewers for the COG, European Socié té Internationale d'Oncologie Pé diatrique, Gesellschaft fü r Pä diatrische Onkologie und Hä matologie, and Japanese Study Group for Pediatric Liver Tumors protocols, as well as pediatric oncologists and surgeons specialized in this field, reviewed more than 50 pediatric liver tumor cases and discussed classic and newly reported entities, as well as criteria for their classification. This symposium represented the first collaborative step to develop a classification that may lead to a common treatment-stratification system incorporating tumor histopathology. A standardized, clinically meaningful classification will also be necessary to allow the integration of new biological parameters and to move towards clinical algorithms based on patient characteristics and tumor genetics, which should improve future patient management and outcome.
Liver cancer is rare in children, with only 1.5 cases per million children under 18 years of age throughout the world. The majority of pediatric liver tumors are sporadic, but they can also be associated with familial cancer syndromes, metabolic disorders and predisposing conditions, such as extreme prematurity and low birth weight. 1, 2 The rarity of these tumors, even in specialized institutions, makes their diagnoses challenging for the general pathologist, particularly because of the lack of a current international consensus classification. Furthermore, it is difficult, even for a national group of investigators, to assemble enough patients to undertake controlled therapeutic trials and large biological studies.
With the introduction of the pediatric collaborative therapeutic protocols and systematic central histopathological review of pediatric liver tumors, the final diagnosis often relies on experienced, specialized pathologists, sometimes serving as central reviewers for cooperative groups such as Children's Oncology Group (COG), SIOPEL (Société Internationale d'Oncologie Pédiatrique, International Childhood Liver Tumors Strategy Group), GPOH (Gesellschaft fü r Pädiatrische Onkologie und Hämatologie), or JPLT (Japanese Study Group for Pediatric Liver Tumors). The COG pathology centralized review allowed the identification of histologic subtypes with distinct clinical associations and, as a result, histopathology was incorporated within its protocols as a risk-stratification parameter [3] [4] [5] and as a critical component for patient management. However, this approach has been the exception until recently. Therefore, the COG Liver Tumor Committee sponsored an International Pathology Symposium in March 2011 to discuss the histopathology and classification of pediatric liver tumors, to share experience, and to work towards an International Pediatric Liver Tumors Consensus Classification that would be required for international collaborative projects. This work is also part of the Children's International Hepatic Tumors Collaboration initiative, also supported by the European Network for Cancer Research in Children and Adolescents European grant.
Twenty-two pathologists and experts in pediatric liver tumors, including those serving as central reviewers for all four cooperative groups, as well as pediatric oncologists and surgeons specialized in this field, reviewed 50 pediatric liver tumor cases and discussed classic and newly reported entities, and criteria for their histologic classification. This symposium represented the first collaborative step including international pathologists, oncologists and surgeons to develop a classification that may lead to a common treatment-stratification system incorporating tumor histopathology. A standardized, clinically meaningful classification will also be necessary to allow the integration of new biological parameters and to move towards clinical algorithms based on patient characteristics and tumor genetics, which should improve future patient management and outcome.
This manuscript describes the most relevant pediatric liver tumor types and subtypes discussed during the symposium, in particular hepatoblastoma, their classification criteria, immunohistochemical panels, and other ancillary tools, as well as the recommendations for submission, sampling, and evaluation of diagnostic specimens, as proposed by this international collaborative group of pediatric liver tumor experts.
Pediatric liver tumor case submission and review
Fifty pediatric tumor cases were submitted by the participating pathologists from nine different countries. Hematoxylin & eosin-stained slides and immunohistochemical stains from selected cases were centrally scanned by the Biopathology Center (Nationwide Children's, Columbus, Ohio) using the Aperio system, and were made available for electronic review prior to the meeting. Cases selected included liver tumors from patients between 2 months and 18 years of age, and the following diagnoses: 24 hepatoblastomas, 14 epithelial type, including 8 fetal, 3 embryonal and fetal, and 3 cholangioblastic, 5 mixed epithelial and mesenchymal (including 3 teratoid cases), and 5 small-cell undifferentiated or with small-cell undifferentiated component. There were also hepatocellular tumors, other than hepatoblastoma submitted, including three hepatocellular carcinomas (one fibrolamellar, two well differentiated), one regenerative nodule, two cholangiocarcinomas, one mixed hepatocellular carcinoma-cholangiocarcinoma, two liver cell adenomas, and one case of adenomatosis. Ten other nonhepatocellular pediatric liver tumors submitted and reviewed by the group included two rhabdoid tumors, two epithelioid hemangioendotheliomas, one combined mesenchymal hamartoma/embryonal sarcoma, one pure embryonal sarcoma, one inflammatory myofibroblastic tumor, one angiosarcoma, and one nested stromal epithelial tumor of the liver.
An independent case review demonstrated a high degree of consensus among the participating pathologists regarding common histologic hepatoblastoma subtypes (epithelial, mesenchymal, fetal, and embryonal), as well as regarding cholangioblastic and teratoid variants. However, the presence of a minor small-cell-undifferentiated component (three cases) was only recognized by 8 of 15 participants, whereas consensus was high (12 of 15) for cases with 450% small-cell component. Other diagnoses lacking consensus included two cases submitted as anaplastic fetal hepatoblastoma (85% of the participants either did not submit a response or classified them as hepatocellular carcinoma) and one case submitted as combined hepatoblastoma/hepatocellular carcinoma (seven of the participants diagnosed it as carcinoma, five as hepatoblastoma, and four as transitional cell liver tumor). Only 8 of the 15 reviewers agreed on the diagnosis of regenerative nodule versus well-differentiated hepatocellular carcinoma. Diagnostic consensus for these and other non-hepatocellular neoplasms (particularly sarcomas) was challenged by the lack of immunohistochemical stains, lack of or insufficient clinical history (as many were cases seen in consultation or centrally reviewed), and sampling limitations (small, limited biopsies), often proven inadequate to accurately classify these tumors.
Common pediatric liver malignancies: hepatoblastoma and its histological variants
Approximately two-thirds of all liver masses occurring in children are malignant, and almost 70% of those are hepatocellular in origin, either hepatoblastomas or hepatocellular carcinomas. 2, 6 Hepatoblastoma, usually diagnosed during the first 3 years of life, and the most common pediatric liver malignancy, is an embryonal tumor believed to arise from a hepatocyte precursor that often recapitulates stages of liver development. These tumors are rarely composed of only one cell type, usually demonstrating combinations of epithelial, mesenchymal, undifferentiated, and other histologic components 6, 7 (Tables 1 and 2 ). The most common one is the embryonal pattern that resembles the liver at 6-8 weeks of gestation. Embryonal hepatoblastoma cells (Figure 1c ) are B10-15 m in diameter, round or more commonly angulated, with scant cytoplasm, high nuclear-cytoplasmic ratio slightly higher than that of non-neoplastic hepatocytes, and grow in sheets or are organized forming tubular or acinar formations around a central lumen.
In addition to other epithelial components described below, 20-30% of hepatoblastoma specimens also contain stromal derivatives, including spindle cells ('blastema'), osteoid, skeletal muscle, and cartilage, leading to the designation of 'mixed' hepatoblastomas. When there is a mixture of heterologous components (including endoderm, neuroectodermal derivates, melanin-containing cells, and other elements), tumors are classified as 'teratoid' hepatoblastomas. 8 The prognostic significance of this variant is at the moment still uncertain.
Well-differentiated fetal hepatoblastoma (or pure fetal hepatoblastoma with low mitotic activity)
Well-differentiated fetal hepatoblastoma is composed of cells measuring between 10 and 20 m in diameter that grow either as one-to two-cell thick cords forming slightly more cellular trabeculae or in sheets. 6 These cells have centrally placed, round, small nuclei, finely stippled chromatin, welldelineated nuclear membranes, and inconspicuous nucleoli. They resemble fetal hepatocytes and may contain variable amounts of glycogen or lipid, causing many of them to have clear cytoplasm (Figure 1a ). They commonly contain clusters of hematopoietic precursors (extramedullary hematopoiesis). 4, 9 This pattern more commonly presents as a component of epithelial, or mixed epithelial and mesenchymal types, as described below. Several studies have documented a correlation between well-differentiated fetal histology and better outcome, 4,10,11 particularly for pure fetal hepatoblastoma with minimal mitotic activity (o2 per 10 high-power Â 400 microscopic fields). 6 The importance of recognizing pure, well-differentiated fetal hepatoblastoma is that this is a surgically curable tumor, and chemotherapy is unnecessary when completely resected at diagnosis. All stage-I well-differentiated fetal hepatoblastoma patients with tumors showing low mitotic activity enrolled in the two most recent COG protocols have been cured by surgery alone. 12 Unfortunately, the diagnosis of well-differentiated fetal histology is not possible with small biopsies, or with post-chemotherapy specimens, as it requires evaluation of the complete resection specimen prior to chemotherapy.
Most international protocols (other than those of the COG) have historically recommended treating all children having liver tumors and elevated alpha-fetoprotein with chemotherapy before tumor resection, with histologic evaluation being limited to the biopsy specimen, whenever available, or post-chemotherapy specimen. Given the characteristic microscopic heterogeneity of hepatoblastoma, a biopsy that samples approximately o3/100 000 of the entire tumor (an estimated 15 mg versus 500 grams before treatment, on average) is only rarely (8-10%) representative of the rest of the tumor. 13 The post-chemotherapy surgical specimen usually demonstrates regressive and necrotic changes, and changes in the nuclei, sometimes making it difficult to evaluate the characteristics of persistent viable tumor. These changes may include ossification, squamous nests, or increased connective tissue, mimicking a mixed hepatoblastoma, or extensive cholangioblastic differentiation, less often found in pretreatment biopsies. 14 Other types of fetal hepatoblastoma: crowded fetal (also known as mitotically active fetal)
A fetal cytologic pattern in hepatoblastoma may be well differentiated but mitotically active. According to the COG protocols, this pattern needs to be recognized and differentiated from the well-differentiated fetal pattern, as it necessitates chemotherapy. The term 'crowded fetal' is synonymous of 'mitotically active fetal' (more than two mitoses per 10 high-power fields, Â 400 microscopic fields). In this pattern, cells still show well-delineated plasma membranes but more amphophilic cytoplasm, and proportionately higher nuclear/cytoplasmic ratio, producing a 'crowded' appearance ( Figure 1b) . The nucleoli tend to be more prominent, and increased mitoses are present. Rarely this may be the dominant pattern but is usually intermixed with welldifferentiated fetal areas when its recognition is essential to prompt the use of chemotherapy, according to the current COG protocols. Glypican 3 immunohistochemistry can be useful to differentiate well-differentiated fetal from other fetal patterns because of the relatively finely granular positivity in the less mitotically acive cells. Crowded fetal is often adjacent to embryonal areas (and small-cell undifferentiated), and a transition between the two 
Pleomorphic component in epithelial hepatoblastoma
A pleomorphic epithelial pattern is an uncommon pattern of hepatoblastoma, more often seen in postchemotherapy specimens and in metastases following chemotherapy. Individual cells in pleomorphic hepatoblastoma pattern retain their fetal or embryonal appearance because of their polygonal shape and often abundant eosinophilic cytoplasm, but show nuclear features that are more pleomorphic as compared with well-differentiated fetal or crowded fetal patterns, with variably coarse chromatin, irregular shape, and large, conspicuous nucleoli ( Figure 1d ). Although in most examples these cells more closely resemble fetal hepatoblasts, hepatoblastomas with embryonal pattern may also show pleomorphism, and hence the term 'hepatoblastoma with pleomorphic epithelial pattern' is preferred. Even though mitoses are frequently found in pleomorphic epithelial hepatoblastomas, these do not display classic features of 'anaplasia', such as large cell size (three to four times that of adjoining cells) and atypical multipolar mitoses, which occur very rarely in hepatoblastoma and to date has uncertain prognostic relevance. When these pleomorphic cells assume a macrotrabecular pattern of growth (see below) ( Figure 1f) , tumors may be difficult to distinguish from hepatocellular carcinoma. A good example is patient 5 in the report by Prokurat et al, 15 whose postchemotherapy specimen resembles clear cell hepatocellular carcinoma; however, as the patient responded completely to chemotherapy, the true nature of the tumor is uncertain. In the terminology proposed by Prokurat et al, 15 this was termed a 'transitional liver cell tumor', although the consensus at the Los Angeles symposium was in favor of 'pleomorphic epithelial hepatoblastoma'.
The presence of more typical hepatoblastoma areas elsewhere in the tumor can be helpful in such instances; however, both forms of hepatocellular neoplasia can occur together. 2 The pleomorphic epithelial pattern has been also referred to in the past as 'anaplastic fetal' and 'hepatocellular carcinoma-like', which are confusing terms as they may suggest a different tumor biology. Hence, the term 'pleomorphic epithelial' was preferred by the consensus group, and the term 'anaplasia' was reserved for features such as those used for Wilms tumor, as described above. Future studies will be necessary to evaluate the significance of the presence of this pattern.
Cholangioblastic hepatoblastoma
In a subset of hepatoblastomas, some of the neoplastic cells differentiate as cholangiocytes and form small ducts. 16, 17 This cholangiocellular component expresses cholangiocyte lineage markers (cytokeratins 7 and 19) and may be situated within or surrounding the hepatocellular component of the tumor. This component needs to be differentiated from tubular or acinar structures found in embryonal hepatoblastoma, which are typically small with less cytoplasm, more mitotically active, and express glypican 3, whereas the cholangiocellular component is usually negative (see Table 3 ). The cells lining these ductular components tend to be cuboidal rather than columnar, as those seen in ducts, and the nuclei are usually round with coarse chromatin (Figure 1e ). Beta-catenin staining can be very useful, especially in post-chemotherapy specimens when reactive ductal proliferation is common, as neoplastic ducts usually demonstrate nuclear staining, as opposed to membranous expression of benign ducts (Figure 4e ). 
The differential diagnosis of cholangioblastic hepatoblastoma includes other cholangioblastic tumors of childhood, such as the very rare so-called ductal plate tumors and pediatric intrahepatic cholangiocarcinoma, both of which are easily distinguishable from cholangioblastic hepatoblastoma, as the first usually closely recapitulates ductal plate structures and the second is an exquisitely desmoplastic tumor, unlike cholangioblastic hepatoblastoma. 18 Another relatively recently described tumor entity that may need to be considered in the differential diagnosis is the nested stromal epithelial tumor of the liver, 19 also termed desmoplastic nested spindle-cell tumor of the liver. 20 This is a rare mixed tumor variant with a distinctive pattern of epithelial nests in a spindle-cell stroma, often showing calcification or ossification in close association with bland-appearing bile ducts. 19 So far, the relationship of nested stromal epithelial tumor to other 'blastemal' hepatic tumors of infancy and childhood remains unclear.
Small-cell-undifferentiated hepatoblastoma, hepatoblastoma with small-cell component Hepatoblastomas may contain undifferentiated small cells, sometimes coexpressing cytokeratin and vimentin, reflecting neither epithelial nor stromal differentiation. This component was originally reported as 'anaplastic type' but had been replaced by the term 'small-cell undifferentiated'. 4, 6, 21 Small cells are histologically slightly larger than lymphocytes (usually 7-8 m), round to oval with scant cytoplasm, with relatively fine nuclear chromatin, inconspicuous nucleoli, and only minimal mitotic activity (Figure 2a ). They may grow in a diffuse pattern but usually form clusters either intimately intermixed with epithelial cell types or forming nests in an almost 'organoid' pattern ( Figure 2b) . Identification of this pattern may be missed because of inadequate sampling or may be interpreted as embryonal or as blastemal cells, especially when the nuclei are ovoid. Some specimens may show a loose myxoid background and have a microcystic pattern of arrangement overlapping with embryonal areas. Immunohistochemically, small cells show variable immunoreactivity for pancytokeratin, cytokeratins 8 and 18, and vimentin, and do not express alpha-feto protein or glypican. 22 Rarely, particularly in infants, the entire hepatoblastoma is composed of this small-cell type (smallcell-undifferentiated hepatoblastoma), which accounts for o5% of all hepatoblastoma.
Small-cell-undifferentiated hepatoblastoma belongs to the clinically important group of hepatoblastomas that show low or normal serum AFP levels, 23, 24 and it has been shown to be associated with an aggressive biology 3, 25, 26 and worse survival. 4, 5, 24 A recent report from the COG has shown that small-cell-undifferentiated histology is a prognostic factor for an increased risk of death. [27] [28] [29] Recently, it has become apparent that some smallcell-undifferentiated hepatoblastomas may present morphological and biological features characteristic of malignant rhabdoid tumors, such as the lack of INI1 nuclear expression, 24,30-32 and the transition Pediatric liver tumors classification between the two types has been described. 6 In a recent clinical study of hepatoblastoma patients with small-cell-undifferentiated histology and normal or slightly elevated serum alpha-feto protein, some revealed no detectable INI1 nuclear staining. 24 It is important to recognize this variant, as these patients may benefit from a chemotherapy strategy designed for malignant rhabdoid tumors rather than hepatoblastoma. Malignant rhabdoid tumors with characteristic histomorphology can also occur as primary tumors in the liver, with large round to oval cells with vesicular nuclei, prominent nucleoli, and paranuclear inclusions containing intermediate filaments (rhabdoid cells) (Figures 2d-f) . 18, 33 In terms of prognosis, it will be important to differentiate INI1-negative and -positive small-cell components when admixed with other epithelial types, as the INI1-expressing form may not imply a worse prognosis. Symposium participants agreed upon a recommended panel of immunohistochemical stains, including pancytokeratin, vimentin, and glypican3, to help characterize and even detect small-cell-undifferentiated areas, as it may not be obvious in some cases. For tumors lacking INI1 nuclear expression, the diagnosis of rhabdoid-like tumor should be strongly favored, and morphology should be reviewed carefully for the presence of rhabdoid features (discohesive, eccentric irregular nuclei, prominent nucleoli, and abundant cytoplasmic filaments). INI1-negative tumors should also be submitted for mutation and deletion testing, and for patients screened for germ-line mutations (and family-counseled), whenever appropriate. However, it is important to remember that mutations in genes other than INI1 have been reported in this group of tumors, and the standard of diagnosis for rhabdoid tumors is still histomorphology. 31 An important issue to consider while evaluating small-cell-undifferentiated hepatoblastomas is the size and characteristics of the biopsy sample requirements to conduct this diagnosis (see 'sample submission' section). Recommendations made by the participants included estimating and documenting the percentage of small-cell-undifferentiated component upon review, and evaluation of the indicated immunohistochemical panel by pathologists at the local institutions, especially on resection specimens. According to the current COG protocol, the presence of any small-cell-undifferentiated component in a biopsy necessitates more extensive therapy. Documenting the percentage of this component will be important for the study, as collected data analysis may indicate whether an adverse prognosis is associated with any amount of smallcell undifferentiated or with a certain threshold amount. In addition, the submission of insufficient or suboptimal tissue specimens required for diagnosis also needs to be reflected in the reports and study protocol.
Macrotrabecular pattern
A macrotrabecular growth pattern, similar to that typically seen in hepatocellular carcinoma, may be present in a minority of hepatoblastomas, accounting for o5% of all cases. Macrotrabecular hepatoblastoma was first reported by Gonzalez-Crussi et al, 21 who documented a growth pattern characterized by cell plates Z20-cell thick that could be found pure or in combination with other patterns. Cells within these macrotrabeculae may be fetal, embryonal, or pleomorphic and may be similar to those seen in hepatocellular carcinoma 4 (Figures 1f  and 3b ). Zimmermann 34 proposed dividing macrotrabecular hepatoblastomas into two categories, those composed of hepatocellular carcinoma-like cells (MT-1) and a second group composed of fetal and/or embryonal cells (MT-2), with the first group assumed to be biologically closer to hepatocellular carcinoma, and possibly prognostically unfavorable. However, this distinction is yet to be adopted by others. Clinical data are currently insufficient to determine the prognostic significance of macrotrabecular pattern in hepatoblastoma. 4, 17, 18, 35 Participants in the symposium recommended modifying the original macrotrabecular hepatoblastoma criteria, requiring the presence of Z5-to Z20-cell-thick -trabeculae. They also agreed on the importance of documenting the presence of focal macrotrabecular pattern and cell type, differentiating tumors with a predominant or exclusive macrotrabecular pattern from hepatocellular carcinomas and the need to perform molecular analyses and characterize the biology of this group of tumors to enable their distinction in future clinical trials.
Other hepatocellular tumors diagnosed in children

Hepatocellular carcinoma
Hepatocellular carcinoma represents B20% of all malignant liver tumors diagnosed in children 6, 7 and constitutes a clinically challenging group often presenting as large, unresectable lesions, typically in an older children/adolescent population. Pediatric hepatocellular carcinoma includes a biologically diverse group of neoplasms, sometimes associated with underlying metabolic and/or genetic abnormalities 13 that can occur in the first decade of life, and others similar to those diagnosed in adults. A second group of pediatric hepatocellular carcinomas arises in livers without chronic disease. These tumors may demonstrate a morphologic spectrum, sometimes overlapping with hepatoblastoma ( Figure 3a) . Immunohistochemical stains combined with histopathology are useful to differentiate hepatocellular carcinoma from other tumors, but not always from hepatoblastoma. 18 Fibrolamellar hepatocellular carcinoma constitutes a distinct clinical and histological variant representing almost one-third of all hepatocellular carcinomas diagnosed in patients under 20 years of age, characteristically without cirrhosis or underlying liver disease. 36, 37 This variant of hepatocellular carcinoma is characterized by large, eosinophilic (oncocytic) hepatocytes with prominent nucleoli embedded within lamellar fibrotic tissue (Figure 3c ). Tumor cells express biliary, hepatocytic, and hepatic-progenitor markers and carry fewer genomic and epigenetic alterations than classic hepatocellular carcinoma. 37 Hepatoblastoma chemotherapy is unsuccessful in treating pediatric hepatocellular carcinoma, and the intensification of current agents does not result in any outcome improvement. 38, 39 Data from Société Internationale d'Oncologie Pédiatrique trials and other recent international therapeutic experience, suggest a higher chemotherapy response rate in pediatric than in adult hepatocellular carcinoma. 38, 40 For those cases that show chemoresistance, or to augment partial chemosensitivity, new therapeutic agents for adult hepatocellular carcinoma have been proposed to treat pediatric hepatocellular carcinoma and refractory hepatoblastoma, such as Sorafenib and other kinase inhibitors. 41 Given therapeutic and prognostic differences, it is crucial to differentiate pediatric hepatocellular carcinoma from hepatoblastoma and to investigate the underlying biology of this group of tumors, and whether pediatric hepatocellular carcinomas are biologically different or overlap with adult hepatocellular carcinoma (Table 4) . There is no evidence at the moment supporting different therapeutic strategies to treat clinical and histological subtypes of pediatric hepatocellular carcinoma. The fibrolamellar variant does not appear to be clinically different (any better) from other subtypes of hepatocellular carcinoma 42 but, if resectable, is associated with a better 5-year survival (B55%) probably because of the absence of underlying liver disease in these patients. 43 One of the challenges to study the biology of pediatric hepatocellular carcinoma, has been the limited numbers of cases and the lack of banked Pediatric liver tumors classification specimens, as currently there are no therapeutic protocols or on-going pediatric clinical trials because of their rarity, highlighting the importance of collaborative and systematic efforts to collect and study these tumors, as well as integrating clinical, pathological, and biological data. A recent review of the international therapeutic experience with pediatric hepatocellular carcinoma supports earlier European findings that pediatric hepatocellular carcinoma has a higher rate of chemosensitivity than its adult counterpart and underscores the importance of future efforts to define the underlying biological differences between de novo pediatric tumors and adult tumors with cirrhosis that might account for this finding. 38, 40 New Provisional Entity: Hepatocellular Malignant Neoplasm, NOS For a small number of malignant hepatocellular tumors, consensus could not be reached by the reviewers. These tumors demonstrated several morphologies (Figure 3d ) and, in some cases, a mixture of histological patterns typical of both hepatoblastoma and hepatocellular carcinoma (Figure 3a) in the same tumor, precluding their exact classification. Accurate diagnoses were also challenged by other factors, such as limited amount of specimen available for review, lack of immunohistochemical stains, other ancillary studies, or clinical information, such as age, underlying liver disease (metabolic disease, hepatitis, or cirrhosis), or preconditions. In order to capture this difficultto-classify group or tumors, the participants proposed the creation of a new 'hepatocellular malignant neoplasm NOS' provisional category that will need to be further characterized.
The term 'transitional cell liver tumors' was used by Prokurat et al 15 to describe a series of seven highly malignant epithelial liver tumors diagnosed in older children and young adolescents, two of which were classified as hepatoblastomas based on biopsy findings, but with an unusual histopathology and poor response to chemotherapy. Clinically, these were large tumors at diagnosis, mostly on the right liver lobe, with high-serum alpha-fetoprotein levels and aggressive behavior. These tumors varied considerably histologically, with mixtures of cells growing in a solid/diffuse highly invasive pattern, and a complex mixture of hepatoblastoma-like cells resembling fetal, fetal-pleomorphic and/or embryonal cells, hepatocellular carcinoma-like cells, and poorly differentiated medium to large cells. Immunohistochemically, this group of tumors demonstrated variable cytoplasmic or membranous beta-catenin, and AFP positivity was often seen in hepatoblastoma, as well as in hepatocellular carcinoma-like cells, and cytokeratin 7 and/or cytokeratin 19, and EMA-positive cells were found at the periphery of the tumor nodules. Prokurat et al 15 proposed the term transitional liver cell tumor based on the hypothesis that these tumors may represent a new type, with a putative cell-oforigin situated at a transition between hepatoblast and hepatocyte lineages. Whether these are clonally progressed hepatoblastomas, changes because of chemotherapy, or rather a separate group of neoplasms of true transitional cell origin is unclear and will require further investigation. As a result, as the consensus at the Los Angeles symposium was to abandon the term transitional cell tuvhmor of the liver in favor of the term 'hepatocellular malignant neoplasm'. The existence of this group of difficultto-classify pediatric hepatocellular tumors highlighted the importance of complying with the specimen submission and clinical information requirements (see Specimen submission section) to facilitate correct diagnosis as well as enrollment in clinical trials, and to facilitate biological studies. It is important to remember that these classification criteria apply only to pre-chemotherapy specimens, as post-chemotherapy 14 -induced changes are under review (matched pre-and post-chemotherapy specimens) and will be the subject of future international collaborative efforts. The relevance of reporting other parameters that may be worth capturing, such as the proportion of histological components other than pure fetal and SC in pre-and post-chemotherapy specimens, or the percentage of necrosis, 44 is still unclear, and its true value will have to be determined by larger correlative studies. A comprehensive histopathology review of pediatric hepatocellular carcinoma and other malignant pediatric hepatocellular liver tumors, including some previously classified transitional cell liver tumors, has been the subject of other recent international collaborative meetings in Paris and Gdansk during 2012, and the conclusions will be reported and discussed in a separate manuscript (Paris October 2011, and Gdansk May 2012 meetings).
Benign Hepatocellular Tumors (Adenomas, Adenomatosis) Hepatocellular adenomas are rare benign tumors in children, most commonly diagnosed in adolescents in association with contraceptive use, but also with other conditions such as glycogen-storage disease, diabetes, androgen therapy, immunodeficiencies, and familial adenomatous polyposis. 2, 7 Lesions are usually solitary but may present as multiple adenomas ('adenomatosis'). 45 Hepatic adenomas in children may demonstrate steatosis or fibrosis, and may be difficult to distinguish from other benign lesions such as focal nodular hyperplasia, typically a single large mass in a healthy liver and characterized by central scarring, or well-differentiated carcinoma, which may require characterization by immunohistochemistry and molecular analyses. 46 Recent molecular characterization of adult hepatocellular adenomas has demonstrated the existence of subgroups with strong genotype-phenotype correlations (Table 4) , 47 which should also be applied to hepatic adenomas diagnosed in children. Interestingly, adenomas with beta-catenin mutations and Wnt activation, similar to those seen in hepatoblastomas, have a higher risk of malignant transformation and are associated with hepatocellular carcinoma in adults. 46 
Other Pediatric Liver Tumors
Neoplasms other than malignant hepatocellular tumors (hepatoblastoma and hepatocellular carcinoma) are rare in children, with benign vascular Pediatric liver tumors classification tumors being the most common, followed by sarcomas, mesenchymal hamartoma (10%), benign hepatocellular lesions (adenomas and focal nodular hyperplasia, 7%), and other tumors (4%). 2, 7, 48 Malignant tumors of mesenchymal origin represent B10-15% of all liver tumors diagnosed in children, according to the largest published series. 6 This section will not attempt a comprehensive review of this rare group of tumors, but rather highlight some of the most distinct malignant entities, as well as some important differential diagnostic issues discussed during the symposium.
The most common form of vascular proliferations in children is infantile hemangiomas, usually spontaneously regressing. 49, 50 Infantile hepatic hemangiomas are classically seen on radiographic imaging as highly vascular rim-enhancing lesions and may present with elevated serum alpha-feto protein, and occasionally be mistaken for hepatoblastoma. 51 Three clinical subgroups of infantile hepatic hemangioma-focal, multifocal, and diffuse-are recognized by the Liver Hemangioma Registry of the Vascular Anomalies Center at the Children's Hospital of Boston. 52 Occasionally, the multifocal and diffuse clinical subtypes will show increased pleomorphism, intravascular spread, necrosis, and hemorrhage histologically, as well as faster growth. A few infantile hemangiomas have transformed into angiosarcomas in older children. 53 Epithelioid hemangioendothelioma is very rarely seen in children. 54 The most common sarcoma of the liver in children is embryonal sarcoma-a very aggressive neoplasm with a peak of incidence between 6 and 10 years. A dot-like cytoplasmic-positive staining for cytokeratin together with membranous CD56 reactivity and negative staining for myogenin are useful in the distinction of embryonal sarcoma from rhabdomyosarcoma and other hepatic sarcomas. Hepatobiliary rhabdomyosarcoma also occurs in children under 5 years of age and may demonstrate glypican 3 positivity. 55 Some embryonal sarcomas share a 19q13.4 chromosomal rearrangement and the translocation t(11;19) with mesenchymal hamartoma (Table 4) 56 that usually affect infants and children in the first 2 years of life and in the past was considered a developmental disorder. However, the identification of the same translocation t(11;19)(q13;q13.4) in some cases has demonstrated its neoplastic nature.
Another highly aggressive neoplasm primarily affecting infants and that needs to be mentioned is the malignant rhabdoid tumor. Classic histologic features of rhabdoid tumors include sheets of round to polygonal cells with large, vesicular nuclei, showing finely dispersed chromatin, a prominent eosinophilic nucleolus, and abundant eosinophilic cytoplasm containing paranuclear cytoplasmic inclusions, as has been discussed previously in the small-cell-undifferentiated hepatoblastoma section. Immunostains demonstrate a polyphenotypic profile, with diffuse staining for vimentin and focal positivity for cytokeratin, EMA, S100, neuroectodermal markers (CD99, NSE, and synaptophysin) and myoid markers (smooth muscle actin and muscle-specific actin). Loss of nuclear INI1 protein expression is characteristic of and related to the biallelic inactivation of the tumor-suppressor gene INI1 (SMARCB1) on chromosome 22q11.2, as previously discussed (Table 4) .
The extensive use of INI1 immunostaining, fluorescence in situ hybridization, and mutation analyses in rhabdoid tumors developing outside the liver has contributed to the identification of morphologic variants of rhabdoid tumors; some are characterized by a prominent primitive undifferentiated cellular component, mimicking Ewing sarcoma/PNET or other round cell tumors. 57 Rhabdoid tumors may also represent a differential diagnostic problem in the liver, particularly for the small-cellundifferentiated variant of hepatoblastoma (as previously discussed) and other small round cell tumors, and immunohistochemical and genetic characterizations of these lesions are required for their diagnosis.
Immunohistochemistry and other ancillary studies
Immunohistochemistry is now being increasingly used in the diagnosis and classification of hepatoblastoma subtypes. A limited panel using at least alpha-fetoprotein, glypican 3, beta-catenin, glutamine synthetase, vimentin, cytokeratin (pankeratin), Hep-Par1, and INI1 are presently the most useful in this setting (Table 3) . These stains can be used in both biopsy and resection specimens and are especially useful in post-chemotherapy specimens for persistence of tumor. Alpha-fetoprotein is most likely to be positive in areas of epithelial hepatoblastoma and is not expressed in mesenchymal tissue or small-cell-undifferentiated areas. Welldifferentiated fetal hepatoblastomal, macrotrabecular, and anaplastic areas may not express this antigen. The limitation of this stain is that secreted protein frequently results in high-background serum staining, making interpretation difficult. Normal liver in very young infants may also show some alpha-fetoprotein expression in the hepatocytes.
Hep-par1 highlights the fetal hepatoblastoma component, but it can be absent in the embryonal hepatoblastoma component (Figure 4c ) and is always negative in the small-cell undifferentiated and mesenchymal areas. It stains the normal liver parenchyma and hence this stain is not useful in differentiating tumor cells in small biopsy specimens. Glypican 3 has been a very reliable stain that highlights the epithelial components and is negative in normal liver, benign tumors, small-cell undifferentiated and mesenchymal components of hepatoblastoma (Figures 4a and b) . Although this stain does not help in differentiating hepatoblastoma from hepatocellular carcinoma, the pattern of fine granular cytoplasmic staining appears to be unique to the well-differentiated fetal pattern of hepatoblastoma and helps in its recognition even in the biopsy specimens. Crowded fetal and embryonal hepatoblastoma show a coarse-diffuse cytoplasmic staining pattern, more like the one seen in hepatocellular carcinoma. Hepatocytes in non-neoplastic cholestatic diseases such as familial cholestasis and macroregenerative hyperplasia may also express glypican 3.
Beta-catenin, a marker of the canonical Wnt pathway activation, has been extensively studied and implicated in the tumorigenesis of hepatoblastoma. CTNNB1 mutations are found in over 80% of hepatoblastoma cases, and beta-catenin immunohistochemistry is extremely helpful because of the presence of nuclear-staining pattern in the neoplastic tissue (Figure 4d ). Diffuse cytoplasmic expression without nuclear staining usually also implies neoplasia, as normal hepatocytes and biliary epithelial cells have distinct membranous staining only. A subset of adenomas and pediatric hepatocellular carcinomas also shows nuclear beta-catenin staining. Positive beta-catenin staining is present in both epithelial and mesenchymal hepatoblastoma components and is variable in small-cell undifferentiated. The staining may also be variable in welldifferentiated fetal areas; however, some examples of well-differentiated fetal hepatoblastoma with extensive nuclear staining have been documented. The neoplastic cells of immature mesenchyme ('blastema') and osteoid also show strong nuclear staining, as do clusters of small-cell-undifferentiated areas within the epithelial hepatoblastoma. Teratoid areas do not show significant nuclear expression especially in the neuroepithelial components. Nuclear beta-catenin staining is also noted within the neoplastic cholangioles of a cholangioblastic hepatoblastoma ( Figure 4e) ; however, the staining pattern is only membranous and cytoplasmic within reactive bile ducts seen at the periphery of hepatoblastoma tissue.
Glutamine synthetase is normally expressed in a single layer of hepatocytes around the terminal hepatic (central) vein. In neoplasia, it is a marker for activated Wnt and also a differentiation marker in hepatoblastoma. It is therefore seen with high intensity in fetal hepatoblastoma but less frequently in embryonal, small-cell-undifferentiated and mesenchymal areas.
The expression of cytokeratins in hepatoblastoma is variable and highlights the epithelial component to varying degrees using a pancytokeratin. CK7 and CK19 are biliary markers and are usually negative in epithelial and mesenchymal hepatoblastoma components. Small-cell-undifferentiated areas will show some positive keratin inclusions. Vimentin usually highlights mesenchymal as well as the 'blastema' components. Small-cell-undifferentiated areas may also show vimentin expression ( Figure 2e) ; however, it is negative in the epithelial component. INI1, as previously discussed, is an especially useful stain to distinguish a population of usually pure small-cellundifferentiated hepatoblastoma, as those showing loss of nuclear INI1 expression need to be recognized as behaving like malignant rhabdoid tumors (Figure 2f ). Small foci of small-cell-undifferentiated area in a more typical hepatoblastoma, however, are usually INI1-positive. INI1 staining is retained in all other components of hepatoblastoma, although less intense in WD-fetal nuclei.
Karyotyping and genetic profiling have demonstrated the presence of a number of recurrent chromosomal abnormalities in hepatoblastoma, the most common being trisomies (chromosomes 2, 8, and 20), rearrangements involving 1q, 4q, 2, and 22, 58-60 and double-minutes Table 4 ). It has been suggested that chromosome 8 and 20 gains may be associated with an adverse prognosis; however, so far this has not been used to modify therapy.
Molecular mechanisms leading to hepatoblastoma include the activation of the developmental and oncogenic signaling pathways. The canonical Wnt pathway is often activated by acquired mutations of the beta-catenin (CTNNB1) gene and less commonly through constitutional mutations of the APC gene or somatic mutations of other genes in the pathway. [61] [62] [63] Other pathways implicated in hepatoblastoma include Sonic Hedgehog, Notch, Hepatocyte Growth Factor/c-Met (PI3K/AKT and MAPK signaling activation), the Insulin-Like Growth Factor (IGF) pathway, and others [64] [65] [66] [67] [68] [69] (Table 4 ). Molecular profiling of hepatoblastoma [70] [71] [72] [73] [74] has identified groups of tumors and gene signatures that appear useful to further stratify these patients. 71, 75 Further characterization of these biological mechanisms and the integration of molecular and clinical parameters into current morphologic classifications will be necessary to accurately diagnose and stratify pediatric liver tumor patients, similarly to other pediatric malignancies. Clinical validation of these new molecular stratification tools using larger clinical data sets will also require international collaboration.
Common cytogenetic and molecular abnormalities reported in other pediatric liver tumors, and including aberrantly activated signaling pathways, are listed in Table 4 .
Recommendations for submission, sampling, and evaluation of pediatric liver tumor diagnostic specimens A diagnostic tumor biopsy should be mandatory for all patients regardless of their age and serum alphafeto protein level, 29, 39, 76, 77 which is different from what has been historically practiced in some clinical trials. The aim of the biopsy is twofold: first, to obtain adequate tumor material for histological diagnosis and classification, and second to obtain fresh and frozen tumor with matched adjacent normal liver for biological studies. The biopsy should be performed before chemotherapy is started, as the histologic and morphologic classification criteria presented here apply only to pre-chemotherapy specimens.
Regarding what tissue sample is required to make the diagnosis, the COG sample requirement guidelines have been previously published. 78 The current COG AHEP-0731 trial accepts percutaneous core needle biopsy, laparoscopic core needle or wedge biopsy, and/or open core needle or wedge biopsy. Choice of technique will depend upon patient characteristics, the size and location of the tumor, and the team available at the institution. Biopsy samples should be evaluated fresh by the pathologist, whenever possible. As biopsies of pediatric liver tumors present significant potential for diagnostic error, even on permanent sections, intraoperative frozen sections should be avoided. Fine-needle aspiration should also be avoided for diagnosis, as the material obtained is usually insufficient to evaluate tumors in this age group.
Vitally important is the submission of sufficient tissue to conduct the diagnosis. When biopsy is carried out using the core needle (preferably coaxial) technique, we recommend a bare minimum of 5, and preferably 10 cores measuring no less than 1 Â 0.3 cm each and, where possible, representative of different areas of the tumor. A designated biopsy of the adjacent non-tumoral liver should also be submitted whenever possible. To prevent tumor seeding on the needle tract, the technique should be co-axial and the needle tract should traverse an area of liver that will be resected at the time of definitive tumor resection. This mandates careful pre-biopsy communication between the surgeon and the radiologist when biopsies are to be obtained by an interventional radiologist. Multiple needle biopsies may succeed in sampling of different areas of the tumor identified by imaging studies. Fresh viable cells are necessary for cytogenetic studies and frozen tumor material (ideally also of the host liver) for other biological studies. This is an important consideration, as the inherent complexity of these tumors, some of which are extremely rare, combined with the paucity of available material, has hindered research and limited the clinical stratification tools and treatment options for these patients. In large heterogeneous tumors, harvesting material from different areas is necessary but this may require either open biopsy or surgical excision before chemotherapy.
Biopsy recommendations should be understood by the multidisciplinary team (that is, clinicians, oncologists, surgeons, hepatologists, and interventional radiologists), and their participation is of utmost importance to achieve the correct diagnosis for tailoring individual patient treatment and for assignment of the patient to the correct arm of a protocol. Collection of liver tumor specimens at diagnosis sufficient for biologic analysis is critically important to advance our therapeutic strategies for liver tumors. It is hoped that biologic prognostic factors will help to define therapy reduction strategies to avoid toxicity and therapy intensification strategies to improve outcome in future studies. Towards this goal, it is strongly recommended that patients'/parents' consent for participation in biologic studies is obtained prospectively and not retrospectively 29, 39 and that pathologists should be informed preoperatively regarding the consent status so that specimens can be aliquoed appropriately and at least one (and preferably three) of the tissue cores frozen for ancillary studies.
If definitive resection is performed at diagnosis, the entire tumor will be available for prechemotherapy analysis. Often, the definitive resection will be performed after chemotherapy. In either case, representative specimens of grossly different tumor areas should be submitted for diagnosis and frozen for biological studies. To assure sampling and identification of areas of unfavorable histology (for example, small-cell undifferentiated), the total number of sections taken should be at least equal to or greater than the greatest dimension of the tumor measured in centimeters. The samples from inked margins of resection and gross vascular involvement (portal vein or hepatic vein-inferior vena cava) should be submitted, and the site and extent of macroscopic vascular invasion should be carefully documented. In our attempts to validate the preoperative PRETEXT and POST-TEXT grouping of the tumor, the pathologist should document which Couinaud segments of the liver are pathologically involved by the tumor 79 (Figures 5 and 6) . In multifocal tumors, the size and segment location of all tumor nodules should be reported; this is especially important in helping to identify the location of any nodules found on pathologic evaluation that were not radiographically apparent on preoperative imaging. Additionally, microscopic intravascular growth, and whether it is within the tumor mass or outside of it, should be recorded. Frozen sections are often prepared to evaluate margins of resection. Tissue processing should also include freezing B1 g (a minimum of 100 mg) of tumor from each grossly different appearing area of the tumor, corresponding to areas sampled for histology, as well adjacent non-tumoral liver. Viable sterile tumor should also be submitted for cytogenetic studies whenever possible.
It is important to highlight that most of the time pathologists are dealing exclusively with small biopsy specimens for the diagnosis of pediatric liver tumors, including hepatoblastoma. How much this represents the rest of the tumor, and how reliable a biopsy is for diagnosing a tumor with such a common intrinsic heterogeneity, is often unclear. The current hepatoblastoma COG protocol, AHEP- Pediatric liver tumors classification 0731, recommends primary up-front tumor resection in PRETEXT 1 and 2 tumors without major vessel involvement; therefore, chemotherapy can be adjusted to the histologic tumor type, which cannot be fully evaluated without histologic review of the resection specimen. The COG experience has demonstrated the importance of recognizing pure, well-differentiated fetal hepatoblastoma in resected specimens to avoid unnecessary chemotherapy to treat these patients, who have surgically curable tumors when completely resected. 12 Another reason to promote primary resection is recognizing the presence of small-cell-undifferentiated component, which may behave aggressively, even though we still do not have an answer to the consequences of having a small proportion of small-cellundifferentiated area.
After chemotherapy, the role of the pathologist is to describe accurately and compare the pre-chemotherapy specimen to the post-chemotherapy specimen; therefore, there is an understanding of the response to therapy (for example, percent tumor necrosis), the pattern of resistance of the surviving cells, and the correlation with molecular genetic characteristics of the surviving cells (for example, expression of drug resistance). 80 Collaborative efforts to systematically review pre-and postchemotherapy specimens, document the associated histological changes, understand their significance (such as percentages of epithelial and mesenchymal components, including of course small cell or necrosis in pre-and post-chemotherapy specimens), and establish potential diagnostic criteria for post-chemotherapy specimens are already on under way and will be the subject of subsequent reports.
It is critically important that sufficient clinical data be provided to the pathologist and ideally these data should accompany the specimen. Age, alphafetoprotein levels, underlying liver disease, Couinaud segments and vascular involvement on imaging studies (with and without contrast), PRETEXT/ POST-TEXT designation including the VPEMC component of the PRETEXT system, and with resection specimens, any area of concern for possible positive margin are all issues of upmost importance. Similarly, correlation with epidemiologic studies requires maternal and family histories, birthweight prematurity, underlying liver tumorassociated syndromes, and genetic, developmental, viral and metabolic disorders.
Summary and future plans
The International Pathology Liver Symposium hosted by the COG in Los Angeles in March 2011, and subsequent conferences in Paris (Société Internationale d'Oncologie Pédiatrique, Pediatric Liver Malignancies Biology Conference, October 2011), and Gdansk (Pathology Workshop in conjunction with the Gdansk International Pediatric Liver Tumors Consensus Meeting, April 2012) represent initial collaborative efforts to create a clinically meaningful consensus classification for pediatric liver malignancies. The Los Angeles symposium aimed to establish the basis for a hepatoblastoma classification and highlighted the necessity to carefully review pediatric hepatocellular carcinoma and other non-hepatoblastoma epithelial liver malignancies in subsequent conferences. This classification will facilitate international collaboration on future clinical trials and may improve standardization of treatment stratification according to tumor histopathology, similar to what COG protocols have already adopted (Table 5 ). The lack of diagnostic consensus in a few circumstances highlights the need for establishing clear diagnostic guidelines and morphologic criteria based on a consensus nomenclature, as well as for subsequent case review and working sessions by this international group of experts. These efforts will facilitate correlations between tumor histopathology and outcome by using data such as those collected by the Children's International Hepatic Tumors Collabora- tion project database, as well as the creation of a consensus patient stratification system. This on-going international effort will facilitate the progressive integration of new parameters and will allow us to move towards a classification and treatment risk assessment scheme based upon tumor and patient biology, which will improve patient stratification in the near future.
